ABSTRACT This paper proposes an innovative economic and engineering coupled framework to encourage typical flexible loads or load aggregators, such as parking lots with high penetration of electric vehicles, to participate directly in the real-time retail electricity market based on an integrated eVoucher program. The integrated eVoucher program entails demand side management, either in the positive or negative direction, following a popular customer-centric design principle. It provides the extra economic benefit to end-users and reduces the risk associated with the wholesale electricity market for electric distribution companies (EDCs), meanwhile improving the potential resilience of the distribution networks with consideration for frequency deviations. When implemented, the eVoucher program allows typical flexible loads, such as electric vehicle parking lots, to adjust their demand and consumption behavior according to financial incentives from an EDC. A distribution system operator (DSO) works as a third party to hasten negotiations between such parking lots and EDCs, as well as the price clearing process. Eventually, both electricity retailers and power system operators will benefit from the active participation of the flexible loads and energy customers.
I. INTRODUCTION
Although electricity market deregulation has been under way since the United Kingdom opened a Power Pool in April 1990 [1] , competitive forces in the U.S. retail electricity market have been largely silent since the early-2000s California electricity crisis. In today's retail electricity market, customers have very limited ''energy choice'' or participation, i.e., ability to choose their supplier from competing electricity retailers. The key to open innovation in the retail electricity market is the development of a consumer-centric market and well designed demand side management (DSM) programs [2] , [3] . The work in [4] looks even further forward to more subtle modeling of customer behavior with consideration for emotional or irrational features and their willingness to participate. It is believed that the next-generation retail electricity market infrastructure will be a level playing field, where all customers have an equal opportunity to actively participate [5] , [6] . Fortunately, the recent development of functionalities of the distribution system operator (DSO) and the electricity distribution company (EDC) has already opened new possibilities of coordinating, monitoring, and controlling short-term or real-time delivery of electricity at the distribution level.
Moreover, in the smart grid, more and more customers will be able to have local generation capability, i.e., distributed generation (DG), along with various flexible controllable loads, such as thermostatically controlled load (TCL), distributed energy storage device (DESD) and washing machine [7] , [8] . Plug-in electric vehicles (PEVs) are also appealing as the most controllable loads because they can be curtailed for significant periods of time (e.g., several hours) without impact on end-use function [9] , [10] . Sooner or later, PEVs will shift the traditional energy demand from crude fossil energy to electricity for the personal transportation sector and also heavily impact power system operation [11] . In the future, through aggregators or parking lots, PEVs will play a much more proactive role in the retail electricity market as very flexible loads with the capability to provide ancillary services, such as power system frequency support [12] , and participate in many DSM programs [13] , [14] .
In this paper, we propose an integrated eVoucher program for customer participation in the real-time retail electricity market based on several electric vehicle parking lots as typical flexible loads. This integrated eVoucher mechanism also has the potential to support reducing the frequency-deviation in power system, with the idea that demand response can be utilized as a load control tool to realize reliability goals [15] . Conventional demand response programs typically assume a pre-defined price scheme or mandatory instruction acceptance after a customer has signed a contract. In addition, most DSM programs are not implemented in a real-time manner, which depends heavily on day-ahead forecasting. However, both the real-time price in the wholesale electricity market and the loads at the distribution level are volatile and unpredictable in a long time interval [16] . Retail customers are also usually insensitive to pre-defined multi-phase price schemes (e.g. time-of-use (TOU) price) or distribution locational marginal price (DLMP), and not used to making dayahead decisions [17] . In this way, the electricity retailer (e.g. EDC) may be exposed to the risks involved in the difference between the real-time wholesale electricity market and the retail electricity market. Some economic mechanisms are needed to deal with such risks and improve market diversity. Zhong et al. [17] and Fang et al. [18] propose a couponincentive-demand-response program to solve the problem of the high risk of the wholesale electricity market. However, they did not consider the demand adjustment in an increasing way and required a large amount of aggregated load demand to bid directly in the wholesale market, which may make small customer participation hard. Some works [19] also estimate the impact of different distribution tariff structures on residential customers, which even include a power related component to reduce the peak load. Other works use dynamic subsidy [20] , customer reward [21] and monetary incentives [22] to better schedule the demand response or load management on top of the usual electricity price schemes. Hayes et al. [23] design a non-discriminatory individualized demand aware price scheme to optimize the economic benefit for every customer, and claim to reduce the ''rebound peak''. In contrast, our proposed eVoucher consists of several different components that target both engineering and economic advantages. More importantly, the implementation of the eVoucher is based on a voluntary principle and can also avoid the effect of rebound peak through managing the individualized incentives. Additionally, it can include the frequencydeviation triggered component in eVoucher price signal to benefit the power system operation. Molina-Garcia et al. [24] and Pourmousavi and Nehrir [25] have tried some demand side management frameworks to promote the efficient frequency control and make demand response from customers contribute more to the system stability. Similar to [26] , the embedded frequency-deviation triggered component in the eVoucher program is reflected through a dynamic pricing process and, as an engineering signal, coupled with economic incentive.
In this paper, our contribution is to: (1) explore the potential coordination among DSO, EDC and other participants in the retail electricity market; (2) propose an eVoucher mechanism to provide opportunities for all customers at distribution levels to actively participate and improve economic efficiency; (3) verify various applications of the proposed eVoucher program in different scenarios from both engineering and economic perspectives; (4) discuss the extension of the high-level framework for more business models in an efficient and fair retail market.
The remainder of this paper is organized as follows: Section II introduces the basic features of the eVoucher program and its components. Section III gives the mathematical description of the eVoucher mechanism for several parking lots with a high penetration of electric vehicles. Section IV presents several case studies for different applications. Section V summarizes the major findings of this paper.
II. eVoucher PROGRAM
In the electricity retail market, energy users usually passively accept offers from energy providers without much economic consideration or negotiation. We hope to design a kind of energy token similar to a Voucher or Coupon used in daily commercial activities, which aims to guide the consumption behavior by economic incentives. The energy token, named after eVoucher, can encourage energy customers at the distribution level to actively participate in the energy transaction and load management based on discount or reward. The eVoucher based customer participation program for parking lot owners is different from conventional demand response (DR) programs that are either incentive or price based. It can reflect more dynamic features from both market and system operation perspectives. A comparison between the eVoucher and other kind of demand response programs is presented in Table 1 . The features of the eVoucher are shown in Figure 1 and summarized as follows: 
A. VOLUNTARY
Customers can freely decide whether and when to accept the eVoucher. There are no specific contracts for customers to obey the instructions or accept the pre-defined price scheme mandatorily. The customers can even take into account their own attitude toward the extra financial benefit. Customers may reject the eVoucher without any penalty. For example, a savings of $10 per month may not seem like a significant gain for a relatively wealthy customer; however, a poor customer might view this amount as a highly significant reduction. Clearly, the objective measure of $10 can be viewed differently by different customers. Additionally, DSO facilitates a fast negotiation between customers and EDC, which is simply not possible in the existing DR programs.
B. FREQUENCY-DEVIATION EVENT TRIGGERED
The integrated eVoucher program does not advocate realtime frequency-based price that may expose customers to the risk of price volatility. Instead, it will use the grid frequency deviation as an event-trigged (e.g., a preset deadband frequency threshold) and location-based signal. Customers can read this signal locally and respond to the needs of EDC directly (e.g., providing frequency regulation as an ancillary service). With minimal communication between customers and DSO, the frequency-deviation-based signal is able to incentivize customers to limit frequency deviation at local levels, ultimately creating a more stable and reliable grid as a whole while allowing increased customer participation.
C. DUAL STATUS
While traditional DR compensates end-users for reducing their electricity use (load) or shifting the peak periods, the proposed eVoucher program provides customers with temporal-spatial-dependent incentives for changing power in the positive or negative direction. In other words, some customers may increase their demand if needed.
D. HYBRID SCHEME
It is also worth noting that either the flat rate or the day-ahead price (e.g. TOU) can still serve as a baseline price and reflect the regular retail price. In this way, the eVoucher program can provide real-time-like flexibility with a hybrid electricity price scheme, and meanwhile keep the price clearing process easy and the system operation efficient.
In our assumption, the economic token named after the eVoucher, as a signal, can be broadcast with the help of DSO to energy users. However, the benefit is mainly shared by the EDC and energy users (e.g. parking lots), since the DSO is non-profit seeking. Sometimes, an EDC may also sacrifice some economic benefit by adjusting the eVoucher price to achieve the goal of maintaining system reliability.
III. PROBLEM FORMULATION
The economic benefits achieved through the eVoucher program are considered as follows for both EDC and parking lots. In the whole system, DSO is assumed to be similar to an independent system operator (ISO) at the transmission level with non-profit characteristics, playing a role as a third party to coordinate the system integration. Thus, we will model the two profit-seeking entities involved in the negotiation process of energy consumption. The variables used are defined in the following table 2. Figure 2 shows how parking lots participate in the real-time retail electricity market with EVs as flexible loads. It is noteworthy that the eVoucher mechanism can generally be utilized for the management of various types of flexible loads. Here, EV is used as a typical example to demonstrate some basic dynamic features of the integrated eVoucher program. 
A. EDC
The EDC participates in bidding and the day-ahead energy commitment in the wholesale market and purchases a few part in the real-time wholesale balance market, possibly with some forecasting capability. It then resells energy to customers or end-users in the retail electricity market. Due to the highly stochastic and dynamic real-time pricing scheme for power balance in the wholesale electricity market, the EDC has to face some unpredictable risks when a real-time price spike appears. On the other hand, it also has some responsibility to maintain the system reliability of the distribution network, especially the nominal frequency in the power system. In this way, the EDC has strong motivation to accepted some well-designed incentive mechanism to deal with these situations. Parking lots with a high penetration of EVs, as a typical kind of flexible loads, happen to be able to provide the control flexibility necessary for an EDC to consider utilizing such demand response capacity with our proposed eVoucher program. According to different day-ahead power commitment and real-time price scenarios, the EDC can decide the eVoucher price as an incentive to induce the voluntary demand adjustment in the retail electricity market.
1) D RT > D DA
In scenario D RT > D DA , the EDC can increase its profit or reduce its economic loss by assigning eVoucher price π V ,i ∈ {0, π RTP − π TOU ,i }, as economic incentive to encourage parking lots to adjust their energy demand D i,0 ± D i , according to different real-time prices in (2) .
(1)
In scenario D RT < D DA , the real-time demand is less than the day-ahead energy commitment, therefore EDC should consider economic effect of penalty (π PEN ) in wholesale electricity market when making decisions about negotiated eVoucher price. It can only increase its profit by assigning eVoucher price π V ,i ∈ {0, π TOU ,i −π DA +π PEN }, as economic incentive to encourage parking lots to adjust their energy demand,
The eVoucher price should be within a certain range according to cost-revenue consideration to satisfy the requirement of maximizing the EDC's economic benefit. However, the specific value of the eVoucher accepted by both sides (i.e., EDC and parking lots) can be determined and negotiated based on different conditions. These conditions will be discussed later in this section.
B. PARKING LOT
Similar to electric vehicle charging operators [27] , every parking lot aims to maximize its own revenue through controlling the EV charging load and responding to the eVoucher price signal from the EDC. A parking lot also provides a rebate π r,i , similar to [28] , to discount EV parking time while an EV is under charging service. The following optimization model (7)- (14) is solved in every negotiation process for the rest of the time intervals to satisfy EV charging requirements.
The eVoucher price signal π V ,i in (7) will seduce and compensate the adjusted demand D i in the current time interval. Meanwhile, a parking lot that accepts such eVoucher compensation must guarantee all the state-of-charge (SoC) statuses (i.e. the percentage of charged battery capacity) are satisfied before the EVs' departure.
C. FREQUENCY-DEVIATION-BASED PRICE COMPONENT
In the supply-side paradigm, many generators nowadays are equipped with frequency responsive governors that produce an output change proportional to the frequency deviation. If system frequency deviates sufficiently far from its setpoint (e.g., 35 mHz in Figure 3 [29] ), governor response is activated to prevent further growth of the deviation. There are also some early stage efforts to support maintaining frequency with a frequency-responsive load by providing the equivalent of generator droop [30] , [31] in the demand side. Furthermore, one of the most recent interesting works in [26] designs a pricing mechanism for power system frequency and utilizes economic incentive to encourage demand adjustment for frequency-deviation or potential contingency. In [26] , the assumed electricity price changes continuously with the frequency and requires frequent responsive load control. However, here we just consider the very high frequencydeviation as a triggered event to modify the corresponding eVoucher price and focus on demand adjustment as potential protective actions. In addition, the triggering cannot be too sensitive and must follow the detection band when the frequency goes above or below some threshold value [32] . In other words, we do not only consider the frequency deviation f , but also the evolution over time of f . The f -τ characteristics of frequency-deviation triggering are presented in Figure 4 . A detection method similar to the one in [24] is used. The different control regions in Figure 4 represent different triggering sensitivities according to the eVoucher implementation in different scenarios. Once the frequency deviation goes out of range n f times , where n f is larger than threshold value N th , a binary variable ξ ∈ {0, 1} is set to assign ξ × √ n f β additional value to the eVoucher price. Finally, the frequency deviation will be reflected as economic incentive to facilitate load adjustment.
D. eVoucher PRICE
The status and price decision process of the eVoucher program can be summarized generally as in Figure 5 and described in detail as follows:
Step 1: EDC forecasts a potential price spike π RT (t) in the wholesale market and receives a frequency-deviation triggered signal through an informational message sent by the network operation monitoring system.
Step 2: Both the price gap π RT (t)−π TOU (t) and the severity of the frequency-deviation are estimated, and one of two modes (i.e., demand increase or decrease) of the eVoucher will be determined to be implemented in the next step. In some rare extreme situation, the consideration for system reliability may dominate the economic benefits.
Step 3: Based on the chosen mode and locational information (e.g., number of EVs) of every parking lot, the EDC will set the eVoucher status, flag information for the current time interval will be broadcast to each parking lot with the help of DSO.
Step 5: After receiving the eVoucher information from the DSO, every parking lot will determine whether to participate or not according to the EV charging status (e.g., SoC). Each of them estimates their accepted demand adjustment, D m i (t), and solves an optimization problem (7)- (14) . Then, the available decreased or increased demand will be reported back to the EDC.
Step 6: The EDC decides whether or not to increase the eVoucher price for each parking lot in the next negotiation iteration, according to its satisfaction and the total demand response from all the parking lots. If the EDC still would like to encourage more demand adjustment and the parking lots still have motivation to increase their revenue, the eVoucher price will be increased by a fixed step size, π 
Step 3 is repeated with m = m+1, and the negotiation process continues.
Step 7: The DSO checks the convergence based on a limited number of negotiation rounds and revenue increase (loss reduction), making sure the EDC and parking lots are no longer negotiating after the convergence. The EDC finishes the implementation of the eVoucher program in the current time interval and prepares for the next time interval, t = t +1.
E. IMPLEMENTATION ISSUES
In order to implement the eVoucher program, it was assumed that every targeted parking lot is able to be controlled automatically using an energy management system (EMS), which is similar to the home energy management system used by most residential customers [33] . As long as the economic preference setting (e.g., willingness or sensitivity level) is determined beforehand while participating in the eVoucher program, the EMS will take over the specific response process without referring to the decision maker every time. In short, the proposed mechanism is likely to be more effective in cases where there is an intelligent energy management system available, which can automatically respond to external signals and make decisions, rather than depending on an indirect or manual user response to the price signal [23] . The communication hardware cost of implementing such a program is expected to be low and without too much hardware modification, since the maximum number of iterations and the number of variables in the negotiation process are limited to only a few in a single time interval.
IV. NUMERICAL CASE STUDIES
The demonstrated system contains four parking lots at different locations with different EV population sizes and various parameters. They charge different service fees and have different electricity pricing schemes, according to the locational traffic flow information and regional distribution network conditions. The owners of these parking lots try to increase their own profit by responding to the eVoucher price signal. We use 15 min as the time interval. The parameters of the parking lots are given in Table 3 . Their location related TOU pricing schemes serve as a baseline price as shown in Figure 6 . In the following test cases, we will show that the eVoucher price can be combined with TOU to create a dynamic hybrid pricing scheme to benefit all the participants in the retail electricity market. 
A. eVoucher PROGRAM
With the integrated eVoucher program, all four of these parking lots decrease or increase their demand when the EDC experiences a real-time price spike in the wholesale market, there is a huge gap between the real-time load and the day-ahead committed power consumption, or some serious frequency-deviation events are detected. Meanwhile, the charging requirements of any parking EV should always be satisfied, as shown in 7, no matter how parking lots negotiate with EDC. The real-time price and mismatched day-ahead committed power are shown in Figure 8 . Figure 9 shows the aggregated demand adjustment of all the four parking lots at different time intervals.
It is interesting to observe the real-time price and corresponding aggregated demand adjustment during time intervals 60-70. An extremely high real-time price appears in this range, and, due to a response induced by the negotiated eVoucher, the aggregated demand is able to decrease significantly (the positive direction is defined as reduction in Figure 9 ) due to the flexible charging loads of EVs. However, during time intervals 80-90, when another price spike appears, the eVoucher negotiation process will terminate quickly since few EVs are parking there to provide demand response capability.
B. FREQUENCY-DEVIATION TRIGGERED COMPONENT IN eVoucher
The integrated eVoucher program considers frequency deviation in its operation, which makes customers unconsciously contribute to improving the system reliability based on economic incentives. However, due to the uncertainty of demand response rate, automatic generation control (AGC) still works as a dominant tool for frequency regulation by frequent adjustments to the output of generators and change in the load [34] . The eVoucher program brings extra adjustment flexibility on top of AGC. Based on the method discussed in section 3.3, we use Figure 10 as a detection window for frequency deviation triggering. The fact that it is the frequency FIGURE 10. Detection window for frequency deviation triggering. VOLUME 5, 2017 deviation evolution rather than individual anomaly that can affect the final eVoucher price, should be emphasized. We chose N f = 50, β = 100, and used modified FNET frequency data [35] , obtained through CURENT, the University of Tennessee, Knoxville, and Oak Ridge National Laboratory, to show the application of the eVhoucher program. In Figure 11 , some under-frequency can be observed during roughly the time intervals 4.9 × 10 5 ∼ 6.1 × 10 5 in 0.1s. If we use 1s moving average data to detect the frequency deviation and trigger the corresponding eVoucher price component, some very high eVoucher price signal after the final negotiation can be observed from 50 to 70 time intervals in 15min for parking lot No.1 ( Figure 12 ) and all the other parking lots. In other words, there will be more economic incentive caused by frequency-deviation to encourage demand response from rational customers to help system operation. However, as shown in Figure 9 , the eventual load adjustment is usually not just in proportion to the eVoucher price, since both the economic incentive (e.g., TOU, eVoucher price) and the physical constraint (e.g., SoC, congestion) should be considered.
C. ECONOMIC ANALYSIS
The integrated eVoucher program will entail reducing loss or improving the part of the revenue associated with available flexible loads for the EDC when it meets some real-time price spikes like in Figure 8 . It should be pointed out that actually both very high real-time price spikes and frequency deviation can be considered some type of extreme events, which implies the eVoucher program can also be used for many other extreme events, such as natural disasters. As long as the cost of the extreme events can be quantified and amortized with economic analysis, the eVoucher mechanism will be utilized to benefit both market and system participants. In Table 4 , it is observed that all the participants in the retail market benefit themselves by improving the revenues. One important phenomenon is that the EDC improves its revenue dramatically compared with that of the parking lots because only the EDC is exposed to volatile real-time price as its main risk source. In contrast, the buying price in the retail electricity market is more stable and just a small part of the whole operation cost for parking lots.
V. CONCLUSION
This paper proposes an integrated eVoucher mechanism to encourage typical flexible loads, such as parking lots with a high penetration of electric vehicles, to participate in realtime retail electricity market. This eVoucher program can work for various scenarios involving economic or physical extreme events (e.g. frequency-deviation). The ultimate goal is to explore the possibility of introducing a more flexible hybrid price scheme and operation reliability into the redefined distribution network, meanwhile evaluating the potential of innovative business models in the power industry. In future work, we may combine the eVoucher program with some behavioral economic models, like prospect theory, to analyze more characteristics of human-in-the-loop energy systems.
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